When Chlorella sorokiniana was cultured in the presence of 1 mg/i triparanol succinate, there was a 42 % reduction in total sterol concentration. Algal biomass was reduced by approximately the same amount. In addition to the cycloartenol, cyclolaudenol, 24-methyl-pollinastanol, ergosta-5,7-dien-3p-ol, and ergosterol that occur in control culture, pollinastanol, 14a-methyl-5a-ergost-8-en-3,B-ol, 5o-ergosta-8,14,22-trien-3fl-ol, 5a-ergosta-8(14) ,22 -dien-3,B-ol, 5ca-ergosta-8(9) ,22-dien-3X-ol, 5o-ergosta-8,14-dien-3p-ol, 5o-ergost-8(9)-3n-3f-ol, 5a-ergost-8(14)-en-3,8-ol, 5a-ergosta-7,22-dien-3p-ol, and 5a-ergost-7-en3p-ol were isolated and identified from triparanol succinatetreated cells. A biosynthetic pathway for sterol biosynthesis in this organism is postulated based on all the sterols that were isolated and identified in triparanol-treated cultures of C. sorokiniana. Cyclolaudenol appears to be the product of the first alkylation at C-24 in this organism rather than the more common 24-methylene cycloartanol. Since 24-methylene sterols are needed for the second alkylation reaction, this would ex-
sterols identified in C. sorokiniana are reported for the first time in a living organism. They are: 24-methyl pollinastanol, 5ac-ergosta-8,14,22-trien-3j-ol, 5cc-ergosta-8(14) ,22-dien-33-ol and 5o-ergost-8(14)-en-3p3-ol.
Triparanol (MER-29) was first synthesized by Palopodi (24) . It was reported to affect sterol biosynthesis in rat skin by block- ing the reduction of desmosterol to cholesterol which causes the accumulation of &\'-sterols (1, 6, 7) . Triparanol has also been noted to inhibit the reduction of the A-bond causing an accumulation of A"7-sterols (2, 3) . In Chlorella emersonii, triparanol inhibits the second transmethylation at C-24 and blocks the removal of the 14-methyl group, resulting in an accumulation of 24-methylene sterols and 14a-methyl sterols, respectively (13) . In Chiorella ellipsoidea, triparanol had similar effects on sterol biosynthesis (8) with an additional inhibition of z_7-reductase. A small accumulation of 8,14-diene sterols was also noted.
Both C. emersonii and C. ellipsoidea contained sterols with a 10-carbon side chain (30) . Thus, to investigate further the effect of triparanol on plants, C. sorokiniana was chosen, since it only synthesizes sterols with a 9-carbon side chain (27) . By using this organism, it should be possible to eliminate the triparanol effect on the second transmethylation at C-24, and thus concentrate our study on a more specific effect of triparanol on the biosynthesis of the sterol nucleus. The identification of the sterols isolated should also provide clues to the pathway of sterol biosynthesis in algae.
MATERIALS AND METHODS
Cell Culture. Cells of Chlorella sorokiniana Shihira and Krauss were grown for 10 to 12 days in 15-liter carboys on basal inorganic media containing KNO,, 1 .00 g/l; KH,PO4, 0.67 g/l; K2PO0, 0.33 g/l; and MgSO4 7H,O, 0.25 g/l. To this was added EDTA-NaFe, 5 mg/l Fe, EDTA-chelated Mn, Ca, Co, Cu, and Zn each at 1 mg/l of the element. One mg/l Mo as MoO, and 5 g/l glucose were also added. The carboys were stoppered with cotton plugs through which cotton-plugged bubbling tubes were passed. A constant air flow from an oilfree compressor kept the cells in suspension and served to provide oxygen for metabolism of glucose. Inhibited cultures were grown as the controls, except that growth was for a longer period of time (14-16 days) , and at the time of inoculation, triparanol succinate was added to the cultures to give a final concentration of 1 mg/l. Sterol Extraction. Cells were harvested by centrifugation in a Sharples Super-centrifuge and were freeze-dried immediately. The average yields based on dry weight were 1.3 g/l in the control cultures and 0.6 g/l in the treated cultures. Freeze-dried cells were extracted using CHCL:CHKOH (2:1, Sterol Quantitation and Identification. Sterols were tentatively identified by gas-liquid chromatography using a Glowall Chromalab, Model A-110, gas chromatograph equipped with an argon ionization detector. The retention time of the free sterol is reported relative to cholesterol and that of the sterol acetate to cholesterol acetate, and this value is called the relative retention time. Gas chromatographic quantitation of sterols and sterol acetates was accomplished by using cholesterol and cholesterol acetate as standards, respectively. Melting points of the isolated sterols and their acetate derivatives were determined with a calibrated Fisher-Johns melting point apparatus. Optical rotations were obtained with a Rudolf Model 70 polarimeter using 6 to 10 mg of sterol dissolved in 1 ml of CHCI3 in a 1-dm tube. The readings were taken at 25 C using a sodium light source. Infrared spectra were determined in CS2, using a Perkin Elmer Model 221 spectrophotometer. Ultraviolet spectra were obtained with a Perkin Elmer Model 124 double beam spectrophotometer. Mass spectra were obtained with an LKB 9000 mass spectrometer. The compounds were introduced either directly into the ion chamber or through the gas-liquid chromatography column (0.75% SE-30). The ionization energy was 70 ev.
RESULTS AND DISCUSSION
Relative retention times of the peaks of sterols from control cultures indicate that the major sterols are ergosterol and 22-dihydroergosterol, as previously described (27) . The gas chromatogram of sterols from inhibited cultures was completely different from the control. Further separations were accomplished by repeated chromatography on alumina columns, Anasil columns, and AgNO3-silica gel columns. Sterols that were sufficiently separated were analyzed on gas chromatography using an SE-30 column initially to determine the RRT2 of each sterol. The RRT of each sterol acetate was obtained on three other GC columns later (Table I) . At this point, it was possible to identify some of the separated sterols by comparison with authentic standards for which the RRTs were known on the four gas chromatographic columns used (28) . Wherever a sufficient amount of sterol was available, physical data were also obtained.
Identification of Cycloartanol and Cylolaudenol. Initial evidence for the presence of these two sterols was the observation that they were eluted in 55% ether in n-hexane fraction from an alumina column. This early elution was due to the presence of two C-4 methyl groups which decreased the polarity of 3/3-hydroxy sterols (13) . Identification of these sterols was achieved by the agreement of RRT data from four GC systems (Table I ) and the mass spectra of these sterols which agreed with those of authentic sterols. The presence of these sterols and the apparent absence of 24-methylene cycloartanol is a unique situation in the algae studied thus far.
Identification of Pollinastanol and 24-Methyl Pollinastanol.
Identification of these sterols is based on the very close correlation of the observed RRT agree with those of the authentic pollinastanol, and those of 24-methyl pollinastanol were as expected (Fig. 1) . A nuclear magnetic resonance spectrum was also obtained for 24-methyl pollinastanol which confirmed the presence of a cyclopropane ring as postulated from mass spectral data. Indirect evidence for the postulated sterols is also furnished by the fact that they were eluted off the AgNO3-silica gel column in the 2% diethyl ether in n-hexane fraction, just before 5a-ergost-8(14)-en-3,B-ol was eluted. This is further evidence of the nonpolar nature of these two sterols. This is the first report of the detection of 24-methyl pollinastanol from natural sources, although we detected it as a minor component of a pollinastanol sample obtained from M. Barbier (CNRS, Gif-sur-Yvette, France).
Identification of 14a-Methyl-5a-ergost-8-en-3/3-ol. The identification of this sterol was based on the observed RRT on four GC colums. These values all agree to those reported recently in this laboratory (12) and the mass spectrum also showed close resemblance to that described by Doyle et al. (12) . Identification of Desmethyl Sterols. 5a-Ergost-8(14)-en-3/3-ol was eluted on AgNO3-silica gel column after 24-methyl pollinastanol and should have, at most, one double bond. The mass spectrum of this sterol was almost identical to that of 5a-ergosta-8(9)-en-3/3-ol(9), and authentic 5a-ergosta-8(14)-en-3,B-ol. The sterol was initially identified on the basis of the RRTs which were identical with those of the authentic compound on four GC columns. These RRTs are significantly different from those of 5a-ergost-8(9)-en-3/3-ol (28) . This is the first time 5o-ergost-8(14)-en-3/3-ol has been detected in natural sources. although organic synthesis has made it available for a number of vears (34) .
5a-Ergosta-8(9)-en-3/3-ol is the major sterol from triparanoltreated Clior-ella sorokiniana. It was identified on the basis of RRTs on four GC columns and its GC/mass spectrum was similar to that reported for this sterol isolated from AY-9944 treated C. ellipsoidea (9) . The infrared spectrum of this sterol and its melting point of 154 to 155 C also were in agreement with those of the authentic sterol.
The RRTs on four GC columns were used to tentatively identify 5a-ergost-7-en-3/3-ol. This sterol has previously been identified in untreated plants (26, 30) , as well as in triparanoltreated cultures of C. emersonii (13) . In this study, it was found only in the triparanol-treated C. sorokiniana. Its GC/MS was characteristic of A'-sterols (19) and in agreement with the mass spectrum of the authentic sterol described by Doyle (11) .
5a-Ergosta-8(14),22-dien-3/3-ol was postulated on the basis of the complete agreement between calculated (28) and observed RRT on four GC columns. Due to the trace quantities present, other analytical determinations could not be performed.
The identification of 5a-ergosta-8,14-dien-3/3-ol is based on RRTs which agreed very closely on four columns with those reported by Dickson (9) . Further support is provided by the fact that the sterol was eluted on AgNO3-silica gel column after .&-ergostenol and therefore should have at least two double bonds. Mass spectrum analysis was in complete agreement with that reported for this compound (10) and its ultraviolet absorption spectrum, Xmax 251 nm, El8,000, is characteristic of a heteroannular conjugated transoid diene system (15) . This sterol was detected only in the triparanol-treated culture of C.
sorokiniana.
5a-Ergosta-8(9), 22-dien-3/3-ol was eluted on AgNO3-silica gel column in the same fraction as 5a-ergosta-7,22-dien-3/3-ol (10% diethyl ether in n-hexane). In repeated AgNO3-silica gel column chromatography, it was eluted from the column just before 5a-ergosta-7,22-dien-3,B-ol. (25) .
Sa-Ergosta-7 , 22-dien-3/8-ol has been found in triparanoltreated culture of C. emersonii (13) and in Oocystis polymorpha (23) . In this study, in the triparanol-treated C. sorokiniana, only a very small amount was detected (0.1% of the total sterol).
Identification was made on the basis of RRTs on the four GC columns and the mass spectral data which matched those of an authentic sample. This sterol was eluted off the AgNO.-silica gel column in the same fraction as the Sa-ergosta-8(9)-22-dien-3/8-ol.
Ergosta-5,7-dien-3/8-ol (22-dihydroergosterol) was found in the control cultures of C. sorokiniana in second largest amount, but was much reduced in the triparanol-treated cultures (Table   II) . It has been found in many species of Chlorella together with ergosterol and AT-ergostenol (27) . Presence of this sterol was first indicated by its RRTs which were identical on four columns to those of authentic 22-dihydroergosterol. UV analysis showed absorption peaks at 262, 282, and 294 nm, which are characteristic of AS57 conjugated dienes. The mass spectrum of this sterol was identical to that of an authentic sample of (24R)-ergosta-5,7-dien-3/3-ol (7-dehydrocampesterol). Two of the sterols eluted from the ether fraction of the AgNO,-silica gel column were identified as Sa-ergosta-8,14,22-trien-3,8-ol and ergosterol. Identification of 5a-ergosta-8,14,-22-trien-3/2-ol was made on the basis of the agreement in RRTs between the isolated and the synthetic compound. The mass spectrum was in agreement with that obtained from the synthetic compound. UV absorption also indicated the presence of a heteroannular conjugated diene system (Xmas 251 nm). This is the first report of occurrence of 5a-ergosta-8,14,22-trien-3,3-ol from nature.
Ergosterol is the primary sterol in C. sorokiniana and several other Chlorella species (27) . In control cultures of C. sorokiniana, it makes up 85% of the sterol sample and even in triparanol-treated cultures, 27% of the total sterol is ergosterol. Identification of ergosterol was made by its RRTs on four GC columns, its UV absorption, and mass spectrum analysis with GC/MS; all of which agreed very well with those of authentic ergosterol. Melting points of ergosterol and ergosterol acetate were 167 and 181 C, respectively, which were very close to 165 C and 181 C, respectively, reported previously (15) .
Eluted in the ether fraction from the AgNO3-silica gel column were two other sterols which seemed to differ from each other only by the presence of a A'-bond in one. From GC, UV, IR, and GC/MS studies, both sterols seemed to have a heteroannular conjugated double bond in the nucleus, but the actual position of this double bond system is still unknown. These two sterols made up about 10% of the total sterol in the triparanol-treated C. sorokiniana.
In addition to the identification of several new sterols which accumulated as a result of triparanol treatment, efforts were made to detect their presence in the control culture. Trace amounts of three of the sterols detected in the triparanol-treated culture were also found in the control culture of C. sorokiniana, in addition to the two major sterols previously described (Table   II) .
A quantitative comparison of the sterols from control versus triparanol-treated cultures is given in Table II . There was a 42% reduction in total sterol production in the triparanoltreated culture. This is quite similar to the results with triparanol-treated C. emersonii which showed 45% inhibition of total sterol production (13); although the inhibition is less than that found in C. ellipsoidea which showed 64% reduction (8). Ergo- (Table II) . Ergost-8(9)-en-3fl-ol was increased in such a great amount that it represented 40% of total sterol. The major effect of triparanol in C. sorokiniana appears to be in blocking the A"" -> A' isomerase step; resulting in tremendous accumulation of At"9"-sterols. This is also shown in triparanol-treated (8) and AY-9944-treated (9) cultures of C. ellipsoidea but to a much lesser degree. Detection of significant quantities of 14a-methyl-sterols in the triparanol-treated cultures supports the postulation that triparanol inhibits the removal of 14a-methyl group (14) .
Based on all the sterols that were isolated and identified in triparanol-treated cultures of C. sorokiniana, a biosynthetic pathway for sterol biosynthesis is postulated (Fig. 2) . Strong support for such a sequence is taken from the recent report concerning the isolation of A8""4'-cholesterol from rat skin (20) (21) (22) and the demonstration of its enzymic convertibility to A8"')"'-cholestadienol and finally to cholesterol (31) . The possibility that At'14t-sterols might play an intermediary role in sterol biosynthesis was strengthened by the demonstration of the conversion of 4,4-dimethyl-cholest-8(14)-en-3,8-ol to cholesterol in rat liver homogenates (16) , the reported formation of 4, 4-dimethyl-cholest-7-en-3/3-ol-32-al from lanost-7-en-3,B , 22-diol and lanost-7-en-3/3-ol-32-al in rat liver preparations (14, 16) , and the reported isolation of two other A8'14'-sterols; stigmasta-8(14),22-dien-3,B-ol from a plant (36) and 4a-methyl-cholesta-8(14),24-dien-3,8-ol from yeast (5). presence of the 25-methylene sterol, cyclolaudenol, and the absence of detectable 24-methylene sterols in both the control and triparanol-treated cultures of C. sorokiniana, indicates that 24-methylene derivatives are not intermediates in the biosynthesis of sterols in C. sorokiniana. 24-Methylene sterols were found in triparanol-treated (8) and AY-9944-treated cultures of C. ellipsoidea, an alga that normally synthesizes sterols with the C-24 ethyl side chain (9). 24-Methylene pollinastanol was found in triparanol-treated culture of C. emersonii, another alga producing sterols with ten-carbon side chains (13) . Trace amounts of C-24 methylene derivatives were also detected in normal cultures of C. ellipsoidea (9) . These results seem to indicate that biosynthesis of 24-methyl sterols in the Chlorella species studied thus far do not involve C-24 methylene derivatives, which are probably involved only as a precursor of C-24-ethyl sterols. The absence of 24-methylene intermediates would also explain the absence of C-29 sterols in C. sorokiniana, since the 24-methylene group is essential to the introduction of the ethyl group at C-24.
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